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(57) ABSTRACT 

A thin- film rechargeable battery includes a cathode film; 
including a lithium transition metal oxide, an electrolyte fikn 
coupled to the cathode film, the electrolyte fihn being 
substantially oonreactive with oxidizing materials and with 
metallic lithium, an anode current collector coupled to the 
electrolyte film; and an overlying layer coupled to the anode 
current collector. The thin-film rechargeable battery is acti- 
vated during an initial charge by electrochemical plating of 
a metallic lithium anode between the anode current collector 
and the electrolyte film. The plating of the anode during 
charging and the stripping of the anode layer during dis- 
charging are essentially reversible. Therefore, almost no 
diminishment of discharge capacity occurs, even after many 
discharge and charge cycles. Other advantages include no 
need for special packaging for shipping and handling. The 
battery eliminates the main drawbacks of the thin-film 
Li-ion battery (high capacity loss during the initial charge) 
and of the thin-film lithium battery (high air-sensitivity at all 
times, temperature limited to -100** C., expensive prepara- 
tion of the lithium anode). The battery survives processing 
conditions that exceed those of a solder reflow process 
without any signs of degradation. 

13 Claims, 6 Drawing Sheets 
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FIG. IB 
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FIG. 2 
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FIG. 4 
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FIG. 5 
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BATTERY WITH AN IN-SITU ACTIVATION 
PLATED LrrHIUM ANODE 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The invention relates generally to the field of batteries. 
More particularly, the invention relates to a rechargeable 
thin-film battery that produces a lithium anode via plating 
onto the anode current collector during initial use 
(activation) of the battery. 

2. Discussion of the Related Art 

The capacities of rechargeable lithium-ion batteries are 
presently limited by the positive cathode, which serves as 
the lithium source during the initial charge. The reason for 
the limitation lies in the significantly smaller reversible 
capacity of the cathode material, such as LiCo02 (140 
milli-ampere-hour per gram (mAh/g)), LiNiOj (190 mAh/ 
g), LiMn204 (110 mAh/g), or LiMnOj (180 mAh/g), com- 
pared to the "best" anode materials such as carbons and tin 
oxide and its derivatives. These anodes, in particular the tin 
oxide based materials, have the unfortunate characteristic of 
consuming a significant amount of lithium during the initial 
charge of the lithium-ion (Li-ion) battery. For an optimal 
battery system, the irreversible charge/discharge capacity 
loss of a selected anode material should be as small as 
possible in order to utilize as much of the cathode as 
possible. 

Although considered the best anode material for thin-film 
batteries as far as electrochemical performance and the 
minimal initial capacity loss are concerned, the lithium 
metal anode has two major drawbacks. First, the deposition 
of lithium metal complicates the fabrication process of the 
battery and the as-fabricated air-sensitive lithimn battery 
needs special packaging for shipping and handling. Second, 
due to the low melting point of lithium (181* C), such a 
lithium battery is practically limited to about 100* C. and 
does not survive the temperatures of about 250° C. associ- 
ated with the solder re- flow process, which is commonly 
used to assemble integrated circuits. 

SUMMARY OF THE INVENTION 

To avoid the inherent capacity loss of lithium-ion (Li -ion) 
batteries and circumvent the fabrication of a lithium metal 
anode, it is highly desirable to prepare a lithium battery 
precursor with "no" anode at all. To this end a lithium metal 
anode can be formed in-situ during the initial charge by 
plating lithium on an anode current collector, which does not 
form inter-metallic compounds with lithium. The anode 
current collector is sandwiched between a solid state elec- 
trolyte and an overlying layer. 

A first aspect of the invention is implemented in an 
embodiment that is based on a thin-film rechargeable battery 
comprising a cathode film including a lithium transition 
metal oxide; an electrolyte film coupled to the cathode film; 
the electrolyte film being substantially nonreactive with 
oxidizing materials and with metallic lithium, an anode 
current collector coupled to the electrolyte film; and an 
overlying layer coupled to the anode current collector, 
wherein the thin-film rechargeable battery is activated dur- 
ing a charge by electrochemical plating of a metallic lithium 
anode between the anode current collector and the electro- 
lyte film. 

A second aspect of the invention is implemented in an 
embodiment that is based on method for forming a thin-film 
battery comprising providing a substrate, depositing a cath- 
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ode current collector on the substrate, depositing a cathode 
film on the cathode current collector where the cathode film 
includes a lithium transition metal oxide, depositing an 
electrolyte film on the cathode film, depositing an anode 

5 ciu-rent collector on the electrolyte film, and depositing an 
overlying layer on the anode current collector. 

The term coupled, as used herein, is defined as connected, 
although not necessarily directly, and not necessarily 
mechanically. The term substantially, as used herein, is 

10 defined as approximately (e.g., preferably within 10% of, 
more preferably within 1% of, most preferably within 0.1% 
oO. 

These, and other, goals and aspects of the invention will 
be better appreciated and understood when considered in 
conjunction with the following description and the accom- 
panying drawings. It should be understood, however, that 
the following description, while indicating preferred 
embodiments of the invention and numerous specific details 
thereof, is given by way of illustration and not of limitation. 
Many changes and modifications may be made within the 
scope of the invention without departing from the spirit 
thereof, and the invention includes all such modifications. 

BRIEF DESCRIPTION OF THE DRAWINGS 

25 

A clear conception of the advantages and features con- 
stituting the invention, and of the components and operation 
of model systems provided with the invention, will become 
more readily apparent by referring to the exemplary, and 
therefore nonhmiting, embodiments illustrated in the draw- 
ings accompanying and forming a part of this specification. 
It should be noted that the features illustrated in the drawings 
are not necessarily drawn to scale. 

FIGS. lA and IB show two schematic views of a battery 
35 (FIG. lA before activation; FIG. IB after aaivation), rep- 
resenting an embodiment of the invention. 

FIG. 2 shows a comparison of the discharge rate capa- 
bility of a conventional thin-film lithium battery (dashed 
lines) with a battery having an in-situ plated Uthium anode 
40 (solid lines), representing an embodiment of the invention, 

FIG. 3 shows the discharge capacity as a function of cycle 
number for a battery having an in-situ plated lithium anode, 
representing an embodiment of the invention. 

FIG. 4 shows an initial cycle of a thin -film lithium battery 
with in-situ plated lithium anode, but without the overlayer 
8. 

FIG. 5 shows the cyclical performance of the battery 
given in FIG, 4. 
50 FIG. 6 shows the cyclical performance of another battery 
having an in-situ plated lithium anode representing an 
embodiment of the invention. 

DESCRIPTION OF PREFERRED 
EMBODIMENTS 

55 

A rechargeable thin-film battery according to the inven- 
tion is referred to herein as a battery with an in-sim activa- 
tion plated anode. The invention and the various features and 
advantageous details thereof are explained more fully with 

60 reference to- the non-limiting embodiments that are illus- 
trated in the accompanying drawings and detailed in the 
following description of preferred embodiments. Descrip- 
tions of well-known components and processing techniques 
are omitted so as not to unnecessarily obscure the invention 

65 in detail. 

The battery with an in-situ activation plated anode is 
provided in an as-fabricated state including a cathode, an 
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electrolyte film, an anode current collector, and an overlying as-deposited amorphous state with no subsequent heat treat- 
layer. The cathode can be made of LiCoO^, LiMnjO^ etc. ment after deposition in which case the battery can be 
The electrolyte film is made of a solid inorganic material. fabricated on a plastic substrate. 

This solid inorganic material can be Lipon. Upon is defined An electrolyte film 4, approximately 1-2 microns thick, 
herein as lithium phosphorus oxynilride, which is an amor- 5 can be made of lithium phosphorus oxynitride deposited 

phous inorganic compound having an optimal stoichiomelry over the cathode film 3 by radio frequency magnetron 

of approximately Li2.9PO3.3N0 Lipon and lithium batter- sputtering of a Li3P04 target in N2 at pressures between 

ies are described by U.S. Pat. Nos. 5,612,152; 5,597,660; approximately 3 to 20 mTorr at a deposition rate of approxi- 

5,569,520; 5,567,210; 5,561,004; 5,512,147; 5,455,126; mately 10-200 A/min. Lithium phosphorus oxynitride pro- 
5,338,625; 5,332,906; and 5,314,765, all of which are incor- 10 vides the desired properties of a lithium electrolyte, includ- 

porated herein in their entirety. jng stability against metallic lithium, and stability against 

The thin-film metal anode current collector docs not form the cathodes (up to 5.5 volts versus lithium). Lithium 

inter-metallic compounds with lithium, and can be made of phosphorus oxynitride also provides a low Li+ion resistance 

Sc, Ti, V, Cr, Mn, Fc, Co, Ni, Cu, Y, Zr, La, Hf, Ta, Mo etc., of approximately 50 ohms per square centimeter for a 

and alloys thereof. The thin-film metal anode current col- one-micrometer film, and an Li+ ion transport number of 

lector is directly deposited onto a solid inorganic electrolyte unity, (i.e., Li+ is the only mobile species), 

film, such as Lipon. The overlying layer can also be made of An anode current collector 5, approximately 0.005 to 20 

Lipon. microns, preferably approximately 0.05 to 2 microns thick. 

The battery in the as-fabricated state has no anode mate- is deposited on top of the electrolyte film 4. The anode 

rial. In the as- fabricated state, the battery is not air-sensitive. current collector 5 is made of a material that, in general, does 

The battery in this state survives heating at 250° C. in air for not form inter-metallic compounds with lithium. Examples 

10 minutes without charge/discharge capacity degradation. include scandium, titanium, vanadium, chromium. 

This heating is comparable to that encountered in conven- manganese, iron, cobalt, nickel, copper, yttrium, zirconium, 

tional solder re-flow techniques. lanthanum, hafnium, molybdenum, tantalum, tungsten, or 

The battery is activated during an initial charging of the titanium nitride, etc. The anode current collector 5 should be 

battery. During the initial charging the in-situ activation thermodynamically stable with regard to a plated lithium 

plated anode is formed by electrochemical plating of metal- metal 7. 

lie lithium on the anode current collector which is located Finally, an overlying layer 6 is deposited over the anode 

between the electrolyte layer and the overlying layer. The currentcollector 5. This overlying layer 6 can approximately 

lithium metal can be reversibly deposited and removed by range from approximately 0.01 to 30 microns, preferably 

plating and stripping of metallic lithium metal from the from approximately 0.1-3 /im in thickness. The overlying 

electrolyte/anode current collector interface without any layer 6 can exert a mechanical pressure similar to a spring 

signs of degradation. During the deposition and removal of load on the anode current collector 5 so as to accommodate 

lithium metal the anode current collector along with the large volume changes during the plating (battery charge) and 

overlayer is lifted up and set down from/onto the electrolyte stripping (battery discharge) of lithium. The overlying layer 

layer, respectively. can be made of a material such as lithium phosphorus 

This process becomes highly reversible only when an oxynitride, aluminium nitride, etc. Some preferred embodi- 

overlying film is deposited onto the anode current collector. ments use aluminium nitride. 

Then, the battery with an in-situ activation plated anode ^ The overlying layer 6 provides a limited reaction with 

performs as a lithium thin-film battery that is configured metallic lithium, and forms an impervious barrier to trans- 

with the respective cathode. The coulombic efiQciency of the port of atomic lithium. The overlying layer also acts as an 

lithium metal plating and stripping process approaches electronic insulator, and maintains a smooth flat interface 

100% when the lithium metal is completely stripped during upon accumulation of the underlying, electrochemically 
discharge of the battery. 45 plated lithium anode. Lithium phosphorus oxynitride pro- 

FIGS. lA-lB illustrate schematic views of the battery of vides these desired overlying layer properties. 

tbe,pr^sent^invention,aLdifferent_char ge states. Ty pically, a The sandwich structure of the battery with an in-situ 
Cj cathode current _collector_2, such as gold or platinumj activation plated anode includes the electrolyte film 4 on the 

approximately 3000 A thick, is deposite(i~onto an~alumina bottom, the arrode current collector 5 in the middle, and the 
substrate 1 by sputtering of the respective metal target in 50 overlying layer 6. The sandwich structure is configured to 

argon. The alumina substrate 1 can be replaced by other ensure that the electrochemically plated lithium metal 7 is 

ceramic substrates suitable for thin fihn batteries such as confined to a predetermined geometry. The sandwich struc- 

silica, zirconia, or AIN (alimiinum nitride), by semiconduc- ture also prevents formation of a fluffy or mossy lithium 

tors such as silicon or germanium, by a metal fofl (Al, Ti, morphology that is commonly observed when plating 
stainless steel, etc.), or in some cases (see below) by a plastic 55 lithium metal onto metal current collectors that do not form 

substrate. inter-metaUic compounds with lithium. 

A cathode film 3, that is from approximately 0.01 to 5 Since the as-fabricated battery does not contain any 

microns thick, and made of a lithium transition metal oxide air-sensitive anode material, the battery can be handled for 

such as LiCoO^ or LiMn204, is deposited over the cathode hours in ambient conditions, or more preferably in a dry 
current collector 2 by physical or chemical thin-film 60 environment without the need for any protective coating. In 

techniques, such as sputtering, electron beam evaporation, order to ensure a long shelf life, the battery can be hermeti- 

CVD, etc. After deposition of cathode film 3 and collector 2, cally sealed inside a plastic bag or any other suitable 

the substrate 1 is placed in a furnace and heated in air or in container, or optionally a protective coating 8 that is imper- 

a flowing gas atmosphere of O2, N2, Ar, H2, or mixtures vious to moisture and does not react with the overlying layer 
thereof, to a temperature of from approximately 400 to 900° 65 6. Protective coating 8 can be directly deposited onto the 

C. in order to crystallize the cathode fihn 3 and adjust its battery. For the plastic bag or the protective coating, plastic 

stoichiometry. The cathode film 3 can also be used in an films such as polyletrafluoroethylene, polyethylene, 
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paryleoe, etc., can be used. During operation, the battery serve to illustrate in some detail various features of signifi- 

with an in-situ activation plated anode can be hermetically canoe. The examples are intended merely to facilitate an 

scaled by ultraviolet-cured epoxy (not shown) or a ceramic understanding of ways in whidi the invention may be 

cap (not shown) such as sintered AIN, SigN^ etc., which, in practiced and to further enable those of skill in the art to 

this case, makes the protective coating 8 unnecessary. 5 practice the invention. Accordingly, the examples should not 

Alternate Embodiments be construed as limiting the scope of the invention. 

Alternate embodiments of the battery include those that Example 1 
incorporate very thin-film anode current collectors, that do 

not form further inter-metallic compounds with lithium after Copper Anode Current Collector 

being saturated with hthium during battery charge. After pjo. 2 shows a comparison of the rate capabihty of a 

saturation, these anode current collectors virtually convert battery with an in-situ activation plated lithium anode (soHd 

into lithium metal due to the very high concentraUon of ^^^^ 3 conventional lithium battery (dashed lines), 

hthium compared to the constituent elemcm m the anode ^^^^^^ 4 ^ volts and 3.0 volts. The voltage window 

current collectors^ Examples of such anode current coUec- ^.^^ ^^^.^^ of cathode material; liMn^O, (4.5- 

tors include Mg, Ca, Sr, Ba, B, Al, Ga, In, Tl, C, Si, Ge, Sn, is . ^ o c \ i -^z /1 /: 1 c\r\ * t? u c 

Pb, Sb, Bi, Znfpd, Ag, Cd, Ft, Au etc., and alloys thereof. ^^^^ LiNO, (4^2-2.5v), LiV.O^ (3.6-2.5V), etc. Eachof 

In addition, typical anode compounds such as SnO, SnO„ ^^"^"l^f ^^!^ ^ square oentimet.er The 

SiTON, Li.Ti^O,^ can be used as the very thin Hthium- battery with an m-sUu acUvation plated lithium anode had a 

aUoying layer. SiTON is defined herein as silicon tin oxyni- ^^^^^^ ^^^^ ^>P0° overlymg layer, a thousand ang- 

tride and is an amorphous, inorganic compound having a 20 ^^^^ ^^^^^ copper anode current coUector, a two micron 

stoichiometry Si^Sn^OyN^ where a+b-2, y is less than or ^ick Upon electrolyte fihn, a one micron thick UCoO^ 

equal to 4, and z is larger than zero, but less than or equal cathode fihn, and an in-situ plated lithium anode. The 

to 2.67. A typical SiTON composition is SiSnooONjo. conventional lithium battery had a three-micron thick 

although one important SiTON composition is SnNi.33. lithium anode, a one micron thick Upon electrolyte layer, 

The overlying layer 6 can be replaced by other films 25 ^ ^^^^^ UC0O2 cathode fihn. 

showing the required electrical, chemical and mechanical The battery with an in-situ activation plated lithium anode 

properties. Examples ofsuch films include BeO,MgO,CaO, was activated during the initial charge. During the initial 

SrO, BaO, BN, AIN, SiOj, SigN^, SisNsO, SC2O3, Y2O3, charge, metallic lithium was plated between the anode 

La^Og, ThO^, U2Be203, U4Be03, U5AIO4, U4Si04, current collector and the Upon electrolyte layer. The capac- 

UgSiOg, USCO2, UYO2, LigZrOg, UCeOi, LiF, UCI. UBr, 30 ^^"^^^ ^ microampere hours (/lAh) per unit of 

UI, and derivatives thereof. area and per micrometer thickness of UC0O2 cathode. 

Also, the overlying layer 6 can be replaced by other films The cycle performance as a function of voltage window 

that form an impervious barrier to transport of atonaic and cycle number is illustrated in FIG. 3 for one embodi- 

lithium while maintaining a smooth flat interface for accu- ment of the invention. FIG. 3 shows the discharge capacity 

mulation of the underlying, electrochemically plated lithium 35 of a 1 cm^ battery with in-situ plated lithium anode of the 

anode. Metals in which lithium shows virtually no solubility, construction 1 /nn Upon/1000 A Cu /2 /mi Upon/1.0 

such as Be, Zr, Ta, W etc., and alloys thereof can be used. UCoOj as a function of cycle number. The battery was 

In addition, plastics such as polyletrafluoroethylene, heated at 250° C. in air for 10 minutes prior to the initial 

polyethylene, parylene etc. can be utilized in film form for charge in order to simulate a heat treatment that exceeds the 

this purpose. 40 conditions encountered during a solder re-flow process. The 

The particular material selected for the various layers of battery with in-situ plated Hthium anode was cycled between 

the battery with an in-situ activation plated anode is not volts and 3.0 volts. In this voltage range, virtually aU of 

essential to the invention, as long as each of the materials reversible cycled lithium was stripped and re-plated 

provides the described function. NonmaUy, those who make underneath the copper anode current collector during dis- 

or use the invention will select the best commercially 45 charge and charge of the battery, respectively. The data 

avaUable material based upon the economics of cost and s^^^ws that ahnost the entire amount of lithium that was 

avaQability, the expected application requirements of the p^aicd during the initial charge can be reversibly cycled, 

final product, and the demands of the overaU manufacturing With this complete lithium tumover, the cycle stability 

process. remains excellent and shows no measurable capacity loss 

The particular manufacturing process used for the battery 50 after 50 cycles in this voltage range. When operated at a low 

with an in-situ activation plated anode should be inexpen- ^^^.^^t. ^^^f^^y ^ M/ctn^ the battery with an in-situ 

sive and reproducible. Conveniently, manufacture of a bat- activation plated lithium anode nearly yields the theoretical 

tery with an in-situ activation plated anode of the invention ^'"^'^ ""^^^^^ utilization, which is fixed at 69 ^AAi 

can be carried out by using many different deposition P^"" for a 1 .0 ^m thick UC0O2 cathode, 

methods for the various layers. 55 The capacity supplied by the example 1 battery at 5 

However, the particular manufacturing process used for /^^^^ between 4.2 volts and 3.0 volts is represented by the 

the battery with an in-sim activation plated anode is not ^^^^ ^1^^^^ cycle no. 51 m FIG. 3. This capacity is readily 

essential to the invention as long as it provides the described compared with the maximum reversible capacity of a battery 

functionality. NormaUy, those who make or use the inven- equipped with a 1 cm by 1 /mi large UC0O2 cathode 

tioo wiU select the manufacturing process based upon tool- mdicated m FIG. 3 by the dashed line. This comparison 

ing and energy requirements, the expected appUcation ^^^^^y demonstrates the unexpected excellent reversibility 

requirements of the final product, and the demands of the ^^e lithium stripping and plating process for batteries with 

overall manufacturing process. ^'^^^^ activation plated lithium anodes. Also, note that the 

coulombic efiSciency, i.e., the ratio of discharge capacity and 

EXAMPLES charge capacity of the preceding half -cycle, is nearly 100%, 

Specific embodiments of the invention will now be further As previously mentioned, the battery with an in-situ 

described by the following, non-limiting examples which activation plated lithium anode shown in FIG. 3 was heated 
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al 250** C. for 10 minutes in air prior lo the initial charge. 
This heat treatment exceeds the conditions encountered 
during a solder re-flow process, and the reversible capacity 
supplied at the given current density of 100 //A/cm^ is 
virtually the same as for unhealed conventional Li/UCoOj 5 
thin-film batteries. Therefore, the battery with an in-situ 
activation plated lithium anode is shown to be capable of 
surviving a solder re-flow assembly without any signs of 
degradation in cell performance. 

FIG. 4 shows that a thin-film battery with an in-situ 
activation plated lithium anode on a copper anode current 
collector without the Lipon overlying layer loses almost 
50% of its initial charge capacity during the first discharge. 
The battery evaluated in FIG. 4 includes a 1 cm^ 1500 
ACu/2 ^m Lipon/1.7 jum LiCoOj battery without a Lipon 
overlying layer. 

Over the next 70 cycles, the cycling performance of the 
battery without the Lipon overlying layer deteriorates dra- 
matically as shown by FIG. 5. FIG. 5 shows the cycling 
performance of a 1 cm^ 1500 /iCu/2 jum Lipon/1.7 /i/ra 
LiCoOj battery without the Lipon overlying layer. FIGS. 
4-5 clearly identify the benefit of the above-mentioned 
Lipon overlying layer which enables the battery to revers- 
ibly plate and strip metallic lithium in a controlled fashion. 

The benefit of the Lipon overlying layer is further cor- 
roborated by the observation made under a scanning electron 
microscope that the top surface of the battery with an in-situ 
activation plated lithium anode remains smooth after 1000 
cycles. In contrast, batteries without the Lipon overlying 
layer show a very rough surface consisting of the anode 
current collector and mossy metallic lithium, after only a 
few cycles. 



Example 2 
Cobalt Anode Ctirrent Collector 



20 



25 



35 



FIG. 6 shows the cyclical performance of a second 
example of the battery with an in-situ activation plated 
lithium anode. The second example has an area of 1 cm^ and 40 
a construction of 1 fmi Upon/lOOO /iCo/2 Lipon/0.9^m 
LiCcOj. In the voltage range of 4.2 to 3.0 volts, virtually all 
of the reversible cycled lithium was stripped from and 
re-plated underneath the cobalt anode current collector dur- 
ing discharge and charge of the battery, respectively. The 45 
capacity supplied at 5 /lAJctn^ between 4.2 to 3.0 volts (full 
circle at cycle no. 52) nearly yields the maximum reversible 
capacity of a battery equipped with a 1 cm^xO.9 micron large 
LiCoO^ cathode, which is indicated in FIG. 6 for compari- 
son. 50 

Practical Applications of the Invention 

A practical application of the invention that has value 
within the technological arts is to generally replace conven- 
tional thin- film rechargeable lithium batteries where the 
lithium anode is deposited in a separate fabrication step, 
such as thermal evaporation of Lithium metal in a vacuum of 
10"^ mbar or better. In contrast to conventional thin-film 
lithium batteries, the battery of the present invention can be 
integrated into electronic circuit boards using the solder 
re-flow technique. There are virtually innumerable uses for 
the invention, all of which need not be detailed here. 



Advantages of the Invention 

Because stripping of the entire metallic lithium anode is 
substantially reversible, the battery with an in-situ activation 
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plated anode cannot be over-discharged, even if shorted. By 
fiilly discharging, the battery with an in-situ activation 
plated anode can be returned to its as-fabricated state at any 
time after the initial charge. 

Hermetically sealing of the battery inside a plastic bag or 
directly applying a protective coating to the battery with an 
in-situ activation plated anode gives the battery a long shelf 
life. The pla^ic bag or the protective coating is preferably 
substantially impervious to moisture and does not react with 
the overlying layer. 

Because the battery with an in-situ activation plated anode 
has no anode in the as-fabricated state, high capacity loss 
during the initial charge, which is a major problem for 
lithium ion thin-film batteries, is eliminated. Also, the bat- 
tery with an in-situ activation plated anode eliminates the 
drawbacks of a hthium thin-film battery, which include the 
need to prepare a lithium metal film, high air-sensitivity at 
all times, and unsuitability for solder re-flow processing. 

The battery overcomes the inherent problems of the 
lithium-ion battery and the lithium battery that arc outlined 
above. The battery can be handled and processed as a lithium 
ion or an "anode-less" lithiiun battery prior to the initial 
charge. The battery can be handled and processed as a 
Hthium ion or an "anode-less" lithium battery after chaiging, 
provided the plated lithium has been completely stripped 
from the anode current collector. During elecU-ochemical 
cycling, however, the battery operates as a lithium battery 
and utilizes the amount of lithium that is supplied by the 
cathode. The battery exceeds the requirements for the solder 
re-flow process, showing no signs of degradation in cell 
performance after being heated at 250** C. in air for 10 
minutes. 

All the disclosed embodiments of the invention described 
herein can be realized and practiced without undue experi- 
mentation. Although the best mode of carrying out the 
invention contemplated by the inventors is disclosed above, 
practice of the invention is not limited thereto. Accordingly, 
it will be appreciated by those skilled in the art that the 
invention may be practiced otherwise than as specificaUy 
described herein. 

For example, the individual components need not be 
formed in the disclosed shapes, or assembled in the dis- 
closed configuration, but could be provided in virtually any 
shape, and assembled in virtually any configuration. Further, 
the individual components need not be fabricated from the 
disclosed materials, but could be fabricated from virtually 
any suitable materials. Further, although the battery 
described herein can be a physically separate module, it will 
be manifest that the battery with an in-situ activation plated 
anode may be integrated into the apparatus with which it is 
associated. Furthermore, all the disclosed elements and 
features of each disclosed embodiment can be combined 
with, or substituted for, the disclosed elements and features 
of every other disclosed embodiment except where such 
elements or features are mutually exclusive. 

It will be manifest that various additions, modifications 
and rearrangements of the features of the invention may be 
made without deviating from the spirit and scope of the 
underlying inventive concept. It is intended that the scope of 
the invention as defined by the appended claims and their 
equivalents cover all such additions, modifications, and 
rearrangements. The appended claims are not to be inter- 
preted as including means-plus-function limitations, unless 
such a limitation is explicitly recited in a given claim using 
the phrase "means-for." Expedient embodiments of the 
invention are differentiated by the appended subclaims. 
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What is claimed is: 

1. A thin-film rechargeable battery, comprising: 

a cathode film including a lithium transition metal oxide; 

an electrolyte film coupled to the cathode fihn, the elec- 
trolyte film being substantially non-reactive with oxi- ^ 
dizing materials and with metallic lithium; 

an anode current collector, which substantially avoids 
formation of inter-metallic compounds with Uthium, is 
coupled to the electrolyte film; and 

an overlying layer, which is substantially non-reactive 
with lithium, coupled to the anode current collector, 
wherein the thin-film rechargeable battery is activated 
during a charge by electrochemical plating of a metallic 
Hthium anode between the anode current collector and 15 
the electrolyte film. 

2. The thin- film rechargeable battery of claim 1, wherein 
the overlying layer, the anode current collector, and the 
electrolyte film provide: 

substantially reversible stripping of the metaUic lithium 20 
anode during a first discharge of the thin-film recharge- 
able battery; 

electrochemical plating of a plurality of subsequently 
plated metalUc lithium anodes during corresponding 
charges of the thin -film rechargeable battery, the plat- 25 
ing of each of the subsequently plated metallic lithium 
anodes occurring after a corresponding discharge of the 
thin-film rechargeable battery; and 

substantially reversible stripping of the subsequently 
plated metallic lithium anodes during subsequent dis- 
charges of the thin-film rechargeable battery. 

3. The thin- film rechargeable battery of claim 1, wherein 
the overlying layer, the anode current collector and the 
electrolyte film are configured to confine the metallic lithium 
anode. 

4. The thin-film rechargeable battery of claim 1, further 
comprising: 

a cathode current collector coupled to the cathode film; 
and a substrate coupled to the cathode current collector. 

5. The thin-film rechargeable battery of clakn 1, wherein 
the overlying layer acts as an insulator; 

provides an impervious barrier to atomic lithium trans- 
port; and 

is responsive to the electrochemical plating of a metallic 45 
lithium anode so as to maintain a substantially flat 
surface. 

6. The thin-film rechargeable battery of claim 1, wherein 
the overlayer includes at least one material selected from the 
group consisting of lithium phosphorus oxynitride, alu- 50 
minium nitride, BeO, MgO, CaO, SrO, BaO, BN, AIN, SiO^y 



30 



35 



SiaN^, Si2N20, SC2O3, Y2O3, LajOj, ThO^, Li^BG^flj, 
Li^BeOj, Li5A104, 048104 LigSiOg, LiScOj, LiYO^, 
LigZrOo, LiCeO^, LiF, LiCI, LiBr, Ul, Be, Zr, Ta, W, 
polytetrafluoroethylene, polyethylene, and parylene. 

7. The thin-film rechargeable battery of claim 1, wherein: 
the electrolyte film comprises Uthium phosphorus oxyni- 
tride having a thickness of fi'om approximately 1 to 
approximately 2 microns; and 

the overlying layer comprises lithium phosphorus oxyni- 
tride having a thickness of from approximately 0.1 to 
approximately 3.0 microns. 

8. The thin-fihn rechargeable battery of claim 1, having 
less than five percent discharge capacity loss after 

heating at approximately 250** C. for approximately ten 

minutes prior to the initial charge; and 
at least fifty charge and discharge cycles in a voltage 

range of from approximately 4.5 to approximately 2.5 

volts. 

9. The thin-film rechargeable battery of claim 1, wherein: 
the cathode film has a thickness in a range from approxi- 
mately 0.01 to approximately 5.0 microns; and 

the lithiiun transition metal oxide comprises lithium and 
oxygen, and at least one element selected from the 
groups consisting of columns LB -VII I B of the periodic 
table. 

10. The thin-film rechargeable battery of claim 1, further 
comprising a protective coating coupled to the overlying 
layer, the protective coating being substantially impervious 
to moisture and substantially nonreactive with the overlying 
layer. 

11. The thin-film rechargeable battery of claim 1, wherein: 
the anode current collector has a thickness of from 

approximately 0.05 to approximately 2 microns; and 
the anode current collector includes at least one member 
selected from the group consisting of scandium, 
titanium, vanadium, chromium, manganese, iron, 
cobalt, nickel, copper, yttrium, zirconium, lanthanum, 
hafnium, molybdenum, tantalum, tungsten, and tita- 
nium nitride. 

12. The thin-film rechargeable battery of claim 2, wherein 
the overlying layer accommodates volume changes during 
the reversible stripping and the electrochemical plating. 

13. The thin-film rechargeable battery of claim 4, wherein 
the cathode cm-rent collector 

includes a noble metal; and 

has a thickness in the range of from approximately 0.02 
to approximately 1 micron. 
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It is certified that en'or appears in the above-identified patent and that said Letters Patent Is 
hereby corrected as shown below: 



In the Drawings: 

In FIG. 2, please delete "Capacity (|i/Ah) / cm^ x |im LiCo02" and insert therefor 
"Capacity (^Ah / cm^ x |im LiCo02)-. 

In FIG. 3, please delete "Capacity (fi/Ah) / cm^ x Jim LiCoOs" and insert therefor 
--Capacity (\i/Ah) / cm^ x ^im LiCoCb)-. 

In FIG. 4, at the top, please delete "Capacity Qi/Ah) / cm^ x LiCoOa" and insert 
therefor 

" Capacity (fiAh / cm^ x )im LiCoCb)-. 

In FIG. 4 near the bottom, please delete "Capacity (p/Ah)'* and insert therefor - 
Capacity {|lAh)~. 

In FIG. 5, at the right, please delete "Q (^lAh) / cm^ x \im LiCoOj" and insert therefor 
~Q {\iAh / cm^ X ^ LiCo02)~. 

In FIG. 5, at the left, please delete "Capacity OiAh)" and insert therefor Capacity 
(Mh)". 

In FIG. 6, please delete "Capacity (jiAh) / cm^ x jimLiCoO:" and insert therefor 
-Capacity (|iAh / cm^ x \im LiCoOj)--. 
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It is certified that error appears in the above-identified patent and that said Letters Patent is 
hereby corrected as shown below: 



In Col. 2, on or near line 46, please delete "8" and insert therfor -6--. 

In Col. 6, on or near line 15, please delete "(4.2-2.5v)" and insert therefor -(4.2-2.5V)" 
and delete *'(3.6-2,5v)" and insert therefor -- (3.6-1.5V)". 

In Col. 6, line 53, please delete "69 \iA/W and insert therefor --69 nA/h--. 

In Col. 7, line 41, please delete "Lipon/lOOO ^Co/2^m," and insert therefor -- 
Lipon/1000 A Co/2^ra". 
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NICHOLAS P. GODICI 



Attesting Officer 



Acting Director of the United States Patent and Trademark Office 
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